We report penetration depth and resistivity measurements on the heavy fermion superconductor CeCoIn 5 using a self-resonant tank circuit based on a tunnel diode oscillator. For magnetic fields applied near parallel to the ab planes and temperatures below 250 mK, two phase transitions were found. The lower field transition, within the superconducting state, is of a second order and we identify it as the transition from the ordinary vortex state to the Fulde, Ferrell, Larkin, Ovchinnikov (FFLO) state. The higher field transition marks the change from the FFLO to the normal state. This higher field transition, H c2 , is of first order up to 900 mK, the highest temperature measured. Our normal-state resistivity measurements at temperatures between 100 and 900 mK suggest that the FFLO state is related to the change of the quasiparticle interaction strength, F 0 a . In 1964, Fulde and Ferrell 1 and Larkin and Ovchinnikov 2 predicted that in a purely Pauli limited superconductor, the magnetic field acting on the Cooper pair's spin can induce pairs with nonzero total momentum and, consequently, a spatially modulated order parameter. This so-called Fulde, Ferrell, Larkin, Ovchinnikov (FFLO) state can lead to an enhancement of the critical field up to 2.5 times the Pauli paramagnetic limit ͑H P ͒. 3 We have made penetration depth measurements suggesting that the FFLO state exists in the heavy fermion superconductor CeCoIn 5 .
In 1964, Fulde and Ferrell 1 and Larkin and Ovchinnikov 2 predicted that in a purely Pauli limited superconductor, the magnetic field acting on the Cooper pair's spin can induce pairs with nonzero total momentum and, consequently, a spatially modulated order parameter. This so-called Fulde, Ferrell, Larkin, Ovchinnikov (FFLO) state can lead to an enhancement of the critical field up to 2.5 times the Pauli paramagnetic limit ͑H P ͒. 3 We have made penetration depth measurements suggesting that the FFLO state exists in the heavy fermion superconductor CeCoIn 5 .
Orbital effects are reduced in heavy fermion materials 9, 11 because their very low Fermi velocity (large effective mass) decreases the orbital magnetic-field coupling. Orbital effects can be further reduced in anisotropic superconductors by careful orientation of the applied magnetic field, although the FFLO state may exist even in the presence of weak orbital effects. 4 There is a growing interest in the theoretical study of this more realistic case, [5] [6] [7] [8] [9] [10] and special interest in anisotropic quasi-two-dimensional (quasi-2D) 5, 6, [8] [9] [10] and d-wave superconductors, 5, 8, 10 such as CeCoIn 5 . Unambiguous experimental evidence for the formation of the FFLO state has been reported only very recently 12 from specific heat and magnetization measurements on CeCoIn 5 . More recently, a paper was published by Bianchi et al. , that supports this claim. 13 Most of the previous experimental results on CeCoIn 5 ͑T c = 2.3 K͒ 14 are in good agreement with the theoretical criteria for observing the FFLO state. It has been shown that the orbital pair breaking effect has to be small or completely absent, as measured by the Maki parameter ␣
0 is the orbital critical field, 16 to favor the FFLO state. This yields ␣ ജ 1.8 according to Ref. 4 , although this calculation was partially based on the BCS theory and may not apply to non-s-wave superconductors. A number of groups have calculated ␣, 12,16 but the parameters for this ratio, particularly H P , are difficult to measure. From magnetization studies of the critical field 17, 18 it is clear that, when the magnetic field is applied parallel to the ab planes (the ab planes are perpendicular to the [001] direction) at low temperature, H c2 is a first-order transition, indicating that CeCoIn 5 is in the Pauli limit. We have calculated the Pauli limit for CeCoIn 5 by using a theoryindependent method, 19, 20 that requires use of Wilson's ratio. 21 The basis of the calculation is that the condensation energy, U c , is related to both the specific heat via the specific-heat jump, and the binding energy of the Cooper pairs via
where e is the Pauli paramagnetic susceptibility. We propose that the jump in the measured specific heat can be integrated from the superconducting transition to zero temperature as an estimate of the condensation energy of the superconducting state, and, using the measured susceptibility, H P can be calculated. Although the specific heat leads to a good measure of the condensation energy, the susceptibility measures the Pauli susceptibility plus unwanted terms such as the Landau diamagnetism and inner-core electrons. One way to isolate the Pauli susceptibility is to use the Sommerfeld constant ␥ to estimate e through the use of Wilson's ratio. The difficulty with this method is that the Landé g factor 21 needs to be measured to find Wilson's ratio, and we are unaware of any direct measurements of g in CeCoIn 5 . However, Won et al. 22 have recently published a critical-field calculation, which they fit to critical-field data with g as one of the few free parameters. In this paper they found g = 0.64 in the parallel orientation and 1.5 in the perpendicular orientation. Using data for ␥ , ⌬C, and H c2 ͑0͒ (H c2ʈ 0 = 31.5 T and H c2Ќ 0 = 12.5 T), 12, 14, 17 we calculated the Pauli limit in CeCoIn 5 to be 7.3 and 4.8 T, yielding ␣ = 6.1 and 3.7 when B is parallel and perpendicular to the ab planes, respectively. Higher values of H P can be justified if CeCoIn 5 is not a Fermi liquid as is discussed below. These Pauli limits show that with H perpendicular to the ab planes, where the critical field was found to be 5.0 T, H c2 is near the Pauli limit, but in the orientation with H along the ab planes H c2 is above the Pauli limit, consistent with an FFLO state.
The enhancement of the upper critical field in the FFLO state can be particularly substantial for a 2D superconductor 24 and de Haas-van Alphen data on CeCoIn 5 indicate a pronounced quasi-2D Fermi surface. 25, 26 Specific-heat data, 23 and thermal-conductivity measurements, 27 suggest the presence of nodes in the superconducting gap, which is important to characterize the FFLO state. 3, 9, 11 Another requirement for the FFLO state is that the superconductor be in the clean limit, l ӷ , where l is the mean-free path of the quasiparticles and is the superconducting coherence length. With l ജ 810 Å and ഛ 58 Å based on Refs. 23 and 17, CeCoIn 5 meets this requirement.
We present tunnel diode oscillator (TDO) measurements on CeCoIn 5 to fields of 18 T, at different orientations and temperatures between 60 and 900 mK. The TDO is a selfresonant tank circuit, where the sample is placed in the coil with the ab planes perpendicular to the ac magnetic field. 28 In this orientation, the penetration depth is measured parallel to the ab planes. Crystal platelets of CeCoIn 5 with approximate dimensions of 1.0-mm diamϫ 0.1-mm thick and 0.3 -mm diamϫ 0.1-mm thick were placed in a 1.33-mm and a 0.35-mm diam coil, respectively. Details of the sample growth and characterization can be found in Ref. 14. A thermometer was placed on the rotating platform so that we were able to account for the dc power added by the TDO circuit. The data reported in this article comes from the large sample where the resonant frequency of the circuit at 80 mK was Ӎ189 MHz. The smaller sample and coil at 1.2 GHz yielded similar results. For a TDO experiment, the relative change in the resonant frequency is proportional to the change in the penetration depth ͓⌬f / f 0 = ͑⌬ / 0 ͔͒. Obtaining absolute values of the penetration requires a careful calculation of the constant , which depends on the coil and sample geometries and the demagnetization factor. We did not calibrate the system for obtaining absolute values, but we measured and subtracted the influence of the background by running the system both with and without the sample. In the normal state, the penetration is limited by the skin depth ͑␦ ϰ ͱ ͒, and we were able to measure the change in resistivity with magnetic field and temperature.
Our H-T phase diagram for the field applied perpendicular to the ab planes is in very good agreement with the magnetization data 17 as is shown in Fig. 1 . Analysis of our data shows that this transition changes from first to second order between 425 and 815 mK, where we no longer observed a sharp jump in the TDO frequency at H c2 , which is similar to other experiments. 16, 17 To the lowest temperature measured, we do not see evidence for the FFLO state in the perpendicular direction, although we note that the shape of the 62.7-mK sweep is different than the higher temperature sweeps. Figure 2 shows the relative change in frequency with magnetic field when the field is applied parallel to the ab planes. In this orientation the contribution to the penetration depth due to the vortices is minimized in accordance with theory 29 and as is evidenced by the linear penetration low temperatures. As can be seen in Fig. 2 , there is a lower field kink, or continuous transition reflected by the change of the slope of the penetration depth versus field, followed by a sharp jump at higher field. We assign the kink, a secondorder transition, to the ordinary vortex state (VS)-FFLO transition and the upper transition, which is first order, to the FFLO-normal-state transition. Theoretically, 8,9,11 unlike originally predicted, the transition at the lower critical field could be of second order, as seen in our data. Above T Ӎ 250 mK, the second-order transition is no longer present. The data shows only the first-order phase transition up to the dilution refrigerator limit of 900 mK, as seen in Fig. 2 . This first-order transition was predicted by Maki for a type-II superconductor with a large ␣ parameter, below 0.56T c , albeit for the dirty limit. 15 The distinguishing feature of the FFLO state is that the sign of the order parameter alternates spatially, either sinusoidally or more abruptly as the magnetic field approaches the FFLO-normal-state phase line. 11, 30 The penetration depth, which is a function of the order parameter 31 (ϰ1/͉͉ and ϰ1/ ͱ n s ), is sensitive to the density of superconducting electrons, n s . If the order parameter oscillates and is no longer uniform, then the average density of superconducting electrons will be less and the penetration depth will increase. As a model we calculated the change in penetration if the order parameter started as a square wave at the VS-FFLO transition with the same amplitude as the VS state, to a sine wave at the FFLO-normal-state transition, based on Ref. 30 . The result was that the penetration depth should increase by 20% beyond the trend that already exists in the VS. This is very close to what we measure, as shown in Fig. 2 . It is important to mention that the VS-FFLO transition occurs within the superconducting state where resistance measurements, of course, cannot see any signal change. In Ref. 12 the FFLO state has been observed up to T ϳ 350 mK and B FFLO is almost 1-T higher than the values we obtain. One possible explanation for the difference in the position of the VS-FFLO transition may be that the penetration depth and the specific heat measure different aspects of the VS-FFLO phase transition. To try and understand this discrepancy, we have calculated the second derivative of the penetration depth with respect to the field Љ. We see a peak in Љ corresponding to the point of maximum curvature or the obvious kink in the penetration depth measurement near 9.5 T. The second easily identifiable feature in Љ is where it crosses zero, signifying an inflection point. The zero of Љ corresponds to the end of the second-order transition as measured by the TDO, and this point matches the transition as measured by specific-heat data (see Fig. 3 ). 12 Given that Љ is monotonic and has no zero crossings when the angle is greater than 15°(see Fig. 4 ) or the temperature is greater than 250 mK, and that the change in the slope of the penetration depth is consistent with an oscillating order parameter, this data provides clear evidence of an FFLO state in CeCoIn 5 .
As we have mentioned, the large jump in penetration depth that we associate with the first-order upper critical field matches very well with data previously obtained by other techniques, as seen in Fig. 3 . Yet, as can be seen in Fig. 2 , with increasing temperature, the height of the first-order transition increases. This increase is due to the change in resistivity of the normal state. By measuring the relative change in frequency with temperature, at a field of B = 12 T parallel to the ab planes, we were able to observe the relative change in resistivity in the field-induced normal state (Fig. 5) . For temperatures below T Ϸ 300 mK a variable power-law fit of the data yields a power of 1.92 which is close to 2, the value expected for a Fermi liquid (FL). In contrast, the two points at higher temperature depart from the power-law curve, indicating a change in the behavior of the system to a nonFermi liquid (NFL). We are aware of very recent similar results obtained from a direct measurement of the resistivity 32 and the Sommerfeld constant ␥. 33 (Other penetration depth studies have also found evidence for NFL behavior, but at zero magnetic field 34, 35 ). At 5.5 T with the field perpendicular to the ab planes we only see a linear dependence of the resistivity indicating NFL behavior. This result is consistent with Refs. 32 and 33, where the crossover to FL behavior is observed above 7 T. This change in behavior leads us to believe that the same parameter may be responsible for the suppression of the FFLO state at higher temperatures and for the change in resistivity behavior. The coefficient F 0 a , which measures the interaction strength between quasiparticles, could be this parameter. A larger positive value of F 0 a , and therefore a stronger electron-electron interaction, results in a T 2 variation of resistivity with temperature, 36 and at the same time increases the range of stability of the FFLO state by lowering the Pauli paramagnetic susceptibility of the Fermi-liquid system ( e Ӎ e 0/͑1 + F 0 a ͒, where e is the normal-fluid susceptiblility). 11 According to Burkhardt, 11 
